We aimed to elucidate changes in asbestos and non-asbestos fibre concentrations in the lung tissues of Japanese patients with mesothelioma over time.
In trod uctIon
The asbestos fibre concentration in human lung tissue is considered a crucial biomarker for determining whether a disease is related to asbestos (Mowe et al., 1984) . Since the mid-1980s, we have been determining the asbestos and non-asbestos fibre concentrations in the lung tissues of individuals with and without asbestos-related diseases, including mesothelioma (Huang et al., 1988; Sakai et al., 1991 Sakai et al., , 1993 Sakai et al., , 1994 Sakai et al., , 1996 Sakai et al., , 1998 Yu et al., 1998; Lim et al., 2004) . During this time, we have encountered a gradually increasing number of patients with mesothelioma who have low asbestos concentrations in the lungs.
To the best of our knowledge, a few studies have investigated changes in asbestos concentrations in the lungs over time. The lung crocidolite concentrations of patients with mesothelioma in the UK were found to decrease with time since the last asbestos exposure and also according to decade of death (Berry, 2002; Berry et al., 2009 ). In the USA, the asbestos concentrations in the lung tissues of patients with asbestos-related diseases between 1980 and 2005 were found to be lower during the second half of the study period than during the first half (Roggli and Vollmer, 2008) . Thus, it is possible that lung asbestos concentrations in recent years could be lower than that previously thought.
The objective of the present study was to elucidate changes in asbestos and non-asbestos fibre concentrations in the lung tissues of Japanese patients with mesothelioma between the 1970s and 2000s who had occupational histories in which they were exposed to asbestos.
M ethods
Subjects By 2007, we had encountered 54 patients with pathologically confirmed malignant mesothelioma and collected the following data: (i) total duration of occupational asbestos exposure, (ii) duration since the last occupational exposure to asbestos, and (iii) asbestos and non-asbestos fibre concentrations according to fibre types in the lung tissues. A total of 46 patients who had occupational histories related to asbestos exposure were available for this study, including 41 patients with pleural mesothelioma and 5 with peritoneal mesothelioma. Lung tissues were obtained between 1971 and 2005. We classified patients into four groups, according to the period during which the lung tissue was obtained.
Medical records, autopsy reports, and lung tissue samples were provided by hospitals. Information on the occupational histories of patients was compiled from hospital records, personal interviews with patients or their relatives, or telephone interviews with relatives. We were unable to obtain definitive information regarding the types of asbestos and their airborne concentrations to which the patients were exposed, and thus we did not assess cumulative exposure concentrations. The latency period was calculated as the interval between the year of first occupational exposure and the year in which the lung tissue was obtained.
The study protocol was approved by the Ethics Committee of Nagoya City Public Health Research Institute.
Preparation of lung tissues and analytical methods
Before analysis, 33 tissue specimens were preserved in 10% formaldehyde solution and 13 specimens were embedded in paraffin. The formaldehyde-preserved specimens were prepared for analytical transmission electron microscopy using a low-temperature ashing procedure as described previously (Sakai et al., 1994) . The paraffin-embedded specimens were cut into small pieces, and xylene was added to remove the paraffin. The lung tissue was then dried. The remaining preparation procedures were the same as for the formaldehyde-preserved specimens. Because the tissue weight is known to decrease during the embedding process due to the extraction of lipids (Roggli et al., 1986) , the fibre concentrations of the paraffin-embedded samples were corrected assuming a dry weight loss of 30%. In the present study, we used an analytical transmission electron microscope (H800, Hitachi, Tokyo, Japan) equipped with an energy-dispersive X-ray analyser (EDXA) (7000Q, Kevex, Foster City, CA, USA) until 1995. Thereafter, another analytical transmission electron microscope ( JEM2010, Nihon Denshi, Akishima, Japan) equipped with an EDXA (NORAN System SIX 300, Thermo Electron, Middleton, WI, USA) was used.
Only particles with approximately parallel sides and an aspect ratio of >3 were considered as fibres. The minimum measured length of fibres was 0.5 μm (U.S. Environmental Protection Agency, 1987) , and the thinnest fibres measured were 0.02 μm in diameter.
Asbestos fibres were morphologically (e.g. the hollow tube structure for chrysotile) identified with the help of an EDXA. We were unable to classify non-asbestos fibres by type because no standard non-asbestos fibre species could be obtained. The length and diameter of each fibre were measured by analytical transmission electron microscopy at two magnifications (i.e. 2000-20 000 and 5000-200 000). Data on fibre size were obtained by measuring an average of 236 (range: 41-750) fibres per patient.
Statistical methods
The data on fibre concentration showed a log-normal distribution; therefore, the mean fibre concentrations were presented as geometric means. When no fibre of a given type was detected, the concentration was set at half the detection limit to allow geometric mean calculations. The mean fibre lengths and diameters in each patient were calculated as their respective geometric means because their distribution in each case was nearly log-normal. The mean fibre lengths and diameters according to sampling period were presented as geometric means. The mean percentages of the dimension distributions by fibre type were presented as arithmetic means. The chi-square test was used to compare a significant difference in detection frequencies of asbestos among the four sampling periods, and the Kruskal-Wallis test was used to determine differences in fibre concentration and dimension distribution among the four sampling periods.
r e sults
Characteristics of patients with mesothelioma Table 1 shows the characteristics of patients with mesothelioma for each sampling period. The mean age at operation or death was 62.0 years. This variable did not differ significantly from the 1970s to the 2000s. The mean total duration of asbestos exposure and the mean duration since the last asbestos exposure were 24.5 and 13.8 years, respectively. These variables decreased and increased, respectively, from the 1970s to the 2000s. However, they did not differ significantly among the four sampling periods. Moreover, there was no significant difference in the latency period among the four sampling periods. Table 2 lists the occupational history of asbestos exposure for each patient. The predominant asbestos-related occupations varied widely across the four sampling periods. Three of the 46 patients had >1 asbestos-related occupation. We were unable to obtain quantitative data with regard to the intensity of asbestos exposure or the type of asbestos to which each patient was exposed.
Trends in asbestos by fibre types detected in lung tissue samples Table 3 summarizes the detection frequencies of asbestos by fibre type across the four sampling periods. We detected chrysotile, amosite, crocidolite, actinolite, and tremolite fibres in the lung tissues sampled. We subsequently classified the asbestos fibres into two main groups, namely, chrysotile and amphibole (i.e. amosite, crocidolite, actinolite, tremolite, and anthophyllite). There was a significant difference in the detection frequencies among the four sampling periods (chrysotile: P < 0.01; total asbestos, amphibole asbestos, and amosite: P < 0.05). We detected chrysotile and amphibole in 95% of patients during the 1980s but in only 23 and 54% of patients, respectively, during the 2000s. We observed a downward trend in the detection frequencies of chrysotile and amphibole over time. Chrysotile alone was detected in 1, 1, 2, and 2 patients during the 1970s, 1980s, 1990s, and 2000s, respectively. During the same periods, amphibole alone was detected in 0, 1, 2, and 6 patients, respectively. No asbestos was detectable in four patients whose tissues were sampled during the 2000s.
Non-asbestos fibres, including aluminium silicate fibres, silicon-rich fibres, iron-rich fibres, and titanium-rich fibres, as well as other silicate fibres, were found in the lung tissues of all the patients during each sampling period. Aluminium silicate fibre was the predominant fibre type.
Trends in asbestos fibre concentration Geometric means of asbestos and non-asbestos fibre concentrations for each sampling period are shown in Table 3 . Chrysotile was the dominant asbestos type identified in the lung tissue samples acquired during the 1970s, whereas amphibole asbestos was the dominant type identified from samples acquired between the 1980s and the 2000s. The mean fibre concentrations of total asbestos, chrysotile, and amphibole asbestos were significantly higher during the 1980s than during the 2000s (P < 0.01; amphibole asbestos: 1971-1979 1980-1989 1990-1999 2000-2005 Total Number of patients (% male) 3 (2) 21 (12) 9 (7) 13 (12) 46 ( 21 (100) 9 (100) 9 (69) 42 (91) P < 0.05
Chrysotile 3 (100) 20 (95) 7 (78) 3 (23) 33 (72)
20 (95) 7 (78) 7 (54) 36 (78)
14 (67) 2 (22) 2 (15) 20 (43) P < 0.05
Crocidolite 2 (67)
13 (62) 4 (44) 3 (23) 22 ( 21 (100) 9 (100) 13 (100) 46 ( Downloaded from https://academic.oup.com/annweh/article-abstract/58/1/103/141777 by guest on 21 January 2019 P < 0.05) but varied widely from person to person during each sampling period. The mean percentage of total asbestos to total mineral fibres and the mean percentage of chrysotile to total asbestos were the lowest in the 2000s, with a significant difference for the former percentage among the four sampling periods (P < 0.05).
Peritoneal mesothelioma was the diagnosis for 1, 2, 0, and 2 patients during the 1970s, 1980s, 1990s, and 2000s, respectively. Geometric mean concentrations of chrysotile and amphibole asbestos in patients with peritoneal mesothelioma were 5.01 and 8.69 million fibres per gram dry lung, respectively, whereas those in patients with pleural mesothelioma were 1.74 and 2.98 million fibres per gram dry lung, respectively.
Trends in non-asbestos fibre concentrations
The non-asbestos fibre concentrations were significantly higher during the 1970s and 1980s than during the 2000s (P < 0.05) (Table 3 ) but varied widely from person to person during each sampling period. There was a significant correlation between the logarithms of asbestos and non-asbestos fibre concentrations in the lungs (r = 0.66, P < 0.01). Table 4 summarizes the geometric means of fibre length and diameter for asbestos and non-asbestos fibres during each sampling period. For total asbestos, chrysotile, amphibole asbestos, and non-asbestos fibres, the geometric mean fibre length tended to increase from the 1980s to the 2000s and was the longest in the 2000s with a significant difference among the four sampling periods for non-asbestos fibres (P < 0.01). As for fibre diameters, the geometric mean diameters of total asbestos, chrysotile, amphibole asbestos, and non-asbestos fibres were also the thickest in the 2000s with significant differences except for amphibole among the four sampling periods (P < 0.01; chrysotile: P < 0.05). The geometric mean fibre diameters of total asbestos, amphibole asbestos, and non-asbestos fibres tended to increase over time from the 1980s to the 2000s.
Trends in length and diameter of asbestos and nonasbestos fibres in lung tissue
Fibre length distributions for asbestos and nonasbestos fibres are summarized in Table 5 according to sampling period. For all patients, the mean percentages of chrysotile and amphibole asbestos with a length of ≧5.0 μm were 2 and 23%, respectively. Notably, chrysotile ≧10 µm in length was very rare while 8% of the detected amphibole asbestos was in this size range. For chrysotile, amphibole asbestos, and non-asbestos fibres, the percentages of shorter fibres with a length of <1.0 μm tended to decrease over time, whereas the percentages of these fibres with a length of 2.0-2.9 μm tended to increase over time.
Fibre diameter distributions in each sampling period are summarized in Table 6 . For all patients, the mean percentages of chrysotile and amphibole asbestos with a diameter of <0.25 μm were 95 and 65%, respectively. For total asbestos, chrysotile, amphibole asbestos, and non-asbestos fibres, the percentage of thinner fibres with a diameter of <0.25 μm was minimal in the 2000s. For total asbestos, amphibole asbestos, and non-asbestos fibres, the percentage of thicker fibres with a diameter of ≧0.25 μm tended to increase from the 1980s to the 2000s.
dIscuss Ion
Comparison of the present results with data in the literature This is the first study to report a downward trend of lung asbestos concentrations over time in samples obtained between the 1970s to the 2000s from Japanese patients with mesothelioma who had occupational histories of asbestos exposure. There were differences in the geometric mean fibre concentrations with 4.1-, 5.1-, and 3.1-fold decreases of total asbestos fibres in every decade between the 1970s and 2000s; 6.8-, 4.2-, and 1.3-fold decreases of chrysotile; 2.6-, 4.5-, and 2.4-fold decreases of amphibole; and 5.3-, 3.3-, and 1.0-fold decreases of non-asbestos mineral fibres, respectively. In other countries, there have been few reports concerning trends of asbestos concentrations in the lungs. Roggli and Vollmer (2008) determined the concentrations of asbestos bodies and asbestos in the lungs of 419 patients with mesothelioma between 1980 and 2005. The patients were chronologically divided into two groups: first half versus second half. The median concentrations of asbestos bodies, chrysotile, and amosite were found to be lower during the second half of the study period than during the first half. Berry (2002) reported a significant reduction (P < 0.01) in the amount of crocidolite in the lungs of patients with mesothelioma and control individuals Proportion in total fibres (%) 1971 -1979 1980 -1989 1990 -1999 2000 -2005 Total asbestos 0.5-0.9 38 ± 18 33 ± 20 20 ± 17 9 ± 16 23 ± 21
1.0-1.9 21 ± 12 31 ± 8 32 ± 12 32 ± 29 31 ± 15 2.0-2.9 14 ± 6 14 ± 7 14 ± 9 24 ± 31 17 ± 17 3.0-3.9 4 ± 5 6 ± 6 9 ± 6 6 ± 7 6 ± 6 4.0-4.9 6 ± 4 5 ± 5 5 ± 5 4 ± 5 5 ± 5 5.0-9.9 6 ± 8 8 ± 6 14 ± 13 17 ± 19 12 ± 12 10-19 10 ± 6 2 ± 2 5 ± 6 9 ± 16 5 ± 9 ≦20 1 ± 1 1 ± 1 0 ± 0 1 ± 2 1 ± 1 Chrysotile 0.5-0.9 64 ± 31 52 ± 24 30 ± 13 34 ± 7 47 ± 24
1.0-1.9 27 ± 23 32 ± 18 50 ± 12 38 ± 13 36 ± 18 2.0-2.9 3 ± 5 10 ± 12 10 ± 7 12 ± 4 9 ± 10 3.0-3.9 6 ± 7 3 ± 8 6 ± 5 8 ± 3 4 ± 7 4.0-4.9 0 ± 0 2 ± 7 1 ± 2 4 ± 4 2 ± 6 5.0-9.9 0 ± 0 0 ± 1 3 ± 5 4 ± 5 2 ± 3 10-19 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 ≦20 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 Amphibole asbestos 0.5-0.9 12 ± 10 24 ± 22 20 ± 22 2 ± 4 16 ± 21
1.0-1.9 44 ± 37 29 ± 11 23 ± 9 38 ± 35 31 ± 16 2.0-2.9 13 ± 9 17 ± 9 13 ± 12 24 ± 39 18 ± 18 3.0-3.9 6 ± 6 7 ± 6 11 ± 9 5 ± 8 7 ± 7 4.0-4.9 6 ± 5 8 ± 8 7 ± 5 3 ± 5 6 ± 6 5.0-9.9 6 ± 9 12 ± 8 17 ± 12 22 ± 20 15 ± 12 10-19 12 ± 10 3 ± 3 8 ± 7 11 ± 18 7 ± 9 ≦20 1 ± 1 1 ± 2 0 ± 1 1 ± 2 1 ± 1
Non-asbestos fibres 0.5-0.9 47 ± 12 50 ± 7 45 ± 11 34 ± 11 44 ± 11 1.0-1.9 22 ± 7 35 ± 4 33 ± 5 40 ± 6 35 ± 6 2.0-2.9 11 ± 2 8 ± 4 13 ± 6 14 ± 5 11 ± 5 3.0-3.9 5 ± 2 3 ± 2 4 ± 2 6 ± 4 4 ± 3 4.0-4.9 4 ± 2 2 ± 2 2 ± 1 3 ± 2 2 ± 2 5.0-9.9 7 ± 2 2 ± 2 3 ± 2 3 ± 3 3 ± 3 10-19 3 ± 4 0 ± 1 0 ± 0 1 ± 1 1 ± 1
Arithmetic mean ± arithmetic standard deviation.
from 1976-1977 to 1990-1996 . A similar result was reported also for chrysotile. Berry et al. (2009) subsequently compared crocidolite concentrations in the lungs of 50 patients with mesothelioma and 20 patients with other diseases by the decade of the patient's death. The crocidolite concentrations decreased fairly steadily by decade of death in patients with and without mesothelioma. In the present study, the fibre concentrations of total asbestos, chrysotile, and amphibole asbestos were significantly lower during the 2000s than during the 1980s (P < 0.01). The findings are in accordance with the data in the literature. We previously documented pulmonary asbestos concentrations in 16 patients with mesothelioma and 16 case-matched control subjects who died or underwent surgery in the 1980s (Sakai et al., 1994) . The geometric mean concentrations of total asbestos for patients with mesothelioma and control subjects were 22.0 and 2.24 million fibres per gram dry lung, respectively. Nine of 16 patients with mesothelioma had asbestos concentrations in the lungs less than the maximum value determined for control subjects, which raised the question whether a cut-off concentration useful to determining exposure-relatedness of the disease could be set. The present study supports this question because some patients acquired in the 2000s showed even lower asbestos concentrations than the lowest value identified in the previously described study. Factors contributing to changes in lung asbestos concentrations There are possible reasons for the downward trend of lung asbestos concentrations over time in the studied population. At tissue sampling, the asbestos concentration in the lungs is a consequence of exposure during life and clearance of asbestos from the lungs following exposure. There are two plausible factors in each aspect: (i) long period between the last occupational exposure and the tissue sampling and (ii) reduction in the amount of asbestos exposure in the workplace.
In regard to the first plausible factor, the mean duration since the last asbestos exposure increased over time in the present study. The mean duration was only 0.3 years for the group of patients in the 1970s compared with 21.5 years for the group of patients in the 2000s, during which the clearance could have continued as suggested by an animal study showing that inhaled chrysotile and tremolite were removed from the lungs over time (Bernstein et al., 2005) . Churg and Wright (1994) reported that the time elapsed since the last asbestos exposure correlated with decreasing amosite concentrations in the lungs of workers heavily exposed to an amosite and chrysotile mixture. Our findings are consistent with those of the previous studies.
Fibre dimension data also support this discussion. Berry et al. (2009) examined the lungs of employees manufacturing military gas masks with filter pads containing crocidolite. The proportion of long fibres increased over time, indicating that shorter fibres were removed at a higher rate. In the lungs, chrysotile tends to undergo longitudinal splitting and transverse breakage into shorter fibres (Coin et al., 1992) , whereas amphibole asbestos is dimensionally stable (Davis, 1994) . The shorter fibres are eliminated more rapidly than the longer ones, and therefore the proportion of longer fibres tends to increase over time (Davis, 1994) . In the present study, although the mean fibre lengths of chrysotile and amphibole did not differ significantly among the four sampling periods, the length of chrysotile tended to be longer and the percentage of longer chrysotile fibres tended to increase with time, which may be in accordance with the fact that the duration between the last occupational exposure and the tissue sampling was prolonged in the lung tissues sampled in later decades. However, it should be kept in mind that we were unable to obtain definitive information regarding the type and fibre size distribution of asbestos to which patients were exposed in their workplace.
With regard to fibre dimensions, one issue needs to be mentioned here. Friedrichs et al. (1992) examined mineral fibres in lung tissues of 32 patients with mesothelioma and reported that the geometric mean (geometric standard deviation) of fibre length of chrysotile and amphibole asbestos was 2.0 (2.3) µm and 6.0 (2.6) µm, respectively. In the present study, the mean asbestos fibre lengths reported are relatively shorter than those in previous reports. This discrepancy may reflect the use of different criteria for minimal fibre length and diameter, the use of a different type of electron microscopy (transmission electron microscopy or scanning electron microscopy), and variations in preparation procedures. For example, in comparison with the wet-digestion method used alone, the lowtemperature ashing method has been reported to yield a significantly larger proportion of short fibres (Gylseth et al., 1981) .
The second plausible factor possibly explaining the downward trend of the lung asbestos concentrations over time is the reduction in the amount of asbestos exposure. We observed a decrease in the mean total duration of asbestos exposure over time in the present study. In addition, the intensity of asbestos exposure in the working environment may have decreased gradually over time for the patients included in the study, through improvement in the working environment as a result of the enforcement of regulations concerning occupational asbestos exposure. The amount of asbestos produced in Japan was small, and the quality was low (Tokyo Geographical Society, 1954) . Therefore, the amount of asbestos imported to the country was almost equal to the total amount used. We previously demonstrated that the asbestos exposure levels of workers in a factory reprocessing automobile brakes and clutches showed a decreasing tendency from 1982 to 1989 (Sakai et al., 2006) . Yoshizumi et al. (2001) also reported a reduction in airborne asbestos levels and a considerable improvement in the working environment of factories manufacturing asbestos-containing products from 1985 to 1998. We hypothesize that airborne asbestos concentrations would have been reduced gradually in most of the working environments in Japan as a result of the previously mentioned enforcement of regulations regarding occupational asbestos exposure. The results of our present study may therefore reflect the decreased exposure over time estimated from multiplication of the decreased total exposure duration and the possibly decreased intensity of exposure.
Detection limit depends on lung tissue weight for analysis and the number of grid openings scanned. Detection limit in this study ranged from 0.23 to 31.6 million fibres per gram dry lung. In 8 out of 46 patients, their asbestos concentrations in lung tissues were less than their detection limits. Since their detection limits were low (0.27-1.45 million fibres per gram), they hardly affected a calculation of the mean fibre concentration.
Trends in non-asbestos fibre concentrations in lung tissue Churg (1983) reported that the mean concentration of non-asbestos fibres in the general population was approximately equal to the concentration of asbestos. Paoletti et al. (1989) stated that long-term exposure to an urban environment appeared to influence the lung burden of mineral particles. In the present study, we observed a significant correlation between the logarithms of non-asbestos fibre concentrations and asbestos fibre concentrations in the lungs. There have been no published reports concerning the intensity of airborne non-asbestos fibre exposure in the working environment despite the fact that a large number of non-asbestos fibres may be present together with asbestos in the working environment. In our study, the predominant type of non-asbestos fibre was aluminium silicate. Churg (1983) reported that aluminium silicate fibres, such as kaolinite, mullite, feldspars, and illite, were found in the lungs of 20 patients without occupational asbestos exposure. Mullite is derived from the burning of fossil fuels or tobacco products (Gibbs et al., 1990) , but the source of most non-asbestos fibres is uncertain. We previously monitored the variation in atmospheric concentrations of asbestos and non-asbestos fibres from 1992 to 1997 at a fixed point in Nagoya, Japan (Sakai et al., 1999) . The majority of mineral fibres were non-asbestos fibres, predominantly composed of sulphur and calcium or aluminium and silica. Atmospheric contaminants therefore represent a possible source of aluminium silicate fibres.
In the present study, we recorded significantly higher non-asbestos fibre concentrations in the lungs of patients during the 1970s and 1980s than during in the 2000s (P < 0.05). Some non-asbestos fibres may have been removed or dissolved in the lung tissues since the last asbestos exposure. Moreover, it is possible that the airborne dust concentration may have decreased over time as a result of enforcement of regulations concerning dust exposure.
Limitation of this study
Although the results of our study showed the downward trend of asbestos and non-asbestos fibre concentrations in the lung tissues of Japanese patients with mesothelioma, the interpretation of these results has some limitations. Because the patients in this study were not randomly selected, the number of patients was limited, especially for samples obtained during 1970s, and a control population was not available; therefore, the results cannot be directly generalized to the national trends in Japan. Moreover, the fibre burden in lungs is greatly influenced by the intensity of exposure and the duration of fibre clearance from the lungs. Although we obtained information on occupational histories and the duration since the last occupational asbestos exposure, we were unable to obtain the relevant asbestos exposure level by asbestos type for each patient's workplace. These points need to be addressed in future studies.
con clus Ions
We studied asbestos content classifying samples by the date at which we received the sample. The asbestos and non-asbestos fibre concentrations in the lungs of 46 Japanese patients with mesothelioma who had occupational histories of asbestos exposure decreased from the 1970s to the 2000s. The fibre length and diameter of asbestos and non-asbestos fibres tended to increase over time from the 1980s to the 2000s. This observation may be due to several factors, such as the duration and intensity of exposure and the rate and duration of clearance of the fibres from the lungs. There was a wide variation in the interval between exposure and our receipt of the sample. The relative extent to which these factors contributed remains to be elucidated, in part due to the absence of information regarding the exposure conditions and the type of asbestos exposure in each case.
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